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Developmental Biology: Hippo Promotes Posterior
Patterning by Preventing ProliferationThe Hippo pathway is a potent regulator of tissue growth. Two recent
studies report a new function of the pathway in the differentiation of
the follicular epithelium during Drosophila oogenesis.Veit Riechmann
One of the most intriguing
discoveries in the field of growth
regulation is the identification of
the Salvador–Warts–Hippo
signalling network, often simply
refered to as the Hippo pathway.
This pathway is extremely powerful
in regulating growth due to its
ability to simultaneously inhibit cell
proliferation and promote
apoptosis [1–3]. Its significance is
further highlighted by the recent
finding that the pathway regulates
organ size in Drosophila as well as
in mice, and that its deregulation
leads to tumorigenesis [4]. Despite
its importance, it remains elusive
how Hippo pathway activity is
coordinated with that of other
signalling pathways. Two recent
studies published in Current
Biology reveal connections
between the Hippo pathway and
other pathways required for
epithelial development during
Drosophila oogenesis [5,6].
At the centre of the Hippo
pathway are the two kinases
Hippo and Warts. Hippo activates
Warts, and activated Warts
phosphorylates the transcriptional
co-activator Yorkie.
Phosphorylated Yorkie is excluded
from the nucleus, and thereby
transcription of target genes
required for cell cycle progression
and inhibition of apoptosis is
prevented. Upstream of Hippo,
Hippo pathway activation involves
Merlin and Expanded, two
proteins with FERM domains.
Proteins containing these domains
are thought to link the cortical
cytoskeleton to membrane
proteins. How the pathway is
regulated upstream and
downstream of Merlin and
Expanded is not clear [1–3]. Thecore components of the Hippo
pathway are now shown to act
during oogenesis, where new
insights into the pathway have
been gained [5–7].
The Drosophila ovary consists of
small units called egg chambers.
Egg chambers are composed of
16 germline cells (one oocyte
and 15 nurse cells), which are
surrounded by a layer of follicular
epithelial cells (Figure 1).
Differential gene expression
subdivides the follicular epithelium
into ‘terminal’ and ‘main body’
cells. The terminal cells are located
at the anterior and posterior poles
of the egg chamber and frame the
main body follicle cells. The
symmetry of the epithelial cell layer
breaks during mid oogenesis,
when the terminal cells at the
posterior pole, which cover the
oocyte, adopt a posterior cell fate.
This step is crucial for oogenesis
as the posterior follicle cells send
an unknown polarisation signal to
the oocyte. This signal induces
the repolarisation of the oocyte
microtubule cytoskeleton, which
is essential for the correct
localisation of the determinants
of the future body axes [8,9].
Until now, three signalling
pathways have been known to
control the differentiation of the
follicular epithelium. During early
oogenesis, the JAK/STAT ligand
Unpaired is secreted at both poles
of the epithelium and induces
terminal cell fates [10] (Figure 1).
During mid oogenesis, Delta
expression in the germline cells
activates Notch in all follicle cells
irrespective of their position. As
a result, the follicle cells stop
dividing and start to differentiate
[11,12]. During this period,
expression of the EGF receptor
ligand Gurken in the oocyteinduces EGF signalling in the
overlaying posterior follicle cells,
forcing them to adopt the posterior
cell fate [13,14]. Surprisingly,
recent findings [5,6] now show
a role for the Hippo pathway in
differentiation of the terminal
follicle cells.
Loss of Hippo signalling in
posterior follicle cells has
dramatic consequences for the
oocyte. Posterior cell clones
mutant for core components of
the Hippo pathway lead to
aberrant microtubule polarity
and mislocalisation of axis
determinants in the oocyte [5–7].
The same defects occur when
EGF signalling is blocked in the
posterior follicle cells [13,14]. This
suggests that Hippo pathway
activity is involved in receiving the
EGF signal, or contributes to the
polarisation signal that is sent from
the follicle cells to the oocyte
(‘back signal’). However, a careful
analysis of different markers
indicates that the EGF and the
Hippo pathway act in parallel, and
that the failure in ‘back signalling’ is
due to a differentiation failure of
cells mutant for Hippo pathway
components [5,6].
A central function of the Hippo
pathway in the follicle cells is,
consistent with its role in other
tissues, control of cell proliferation.
Cell clones mutant for Hippo
pathway components do not
stop dividing and remain
undifferentiated, a phenotype that
is reminiscent of Notch mutant
follicle cells. Moreover, Hippo
pathway mutant cells do not
express the transcription factor
Hindsight [5,6], a known Notch
target gene in follicle cell cycle
regulation [15]. Thus, both
pathways control cell proliferation
and differentiation, raising the
question if and how the two
pathways are coupled. Strikingly,
hippo and warts mutant follicle
cells show increased levels of
Dispatch
R1007Notch protein at their membranes
[5,6]. Similarly, high levels of
Notch have been found at the
membranes of cells doubly mutant
for Merlin and expanded in the
epithelium of wing imaginal discs
[16]. These results suggest that the
Hippo pathway modulates Notch
signalling at the level of Notch
internalisation.
A closer comparison of follicle
cells mutant for Hippo pathway
components or Notch, however,
reveals that the role of the Hippo
pathway is more complex. Hippo
signalling, unlike Notch signalling,
is locally restricted to the terminal
follicle cells. In addition, loss of
Hippo signalling results in bi- and
multilayered epithelia [5,6], while
Notch mutant clones preserve a
monolayered epithelium [11,12].
These features indicate an
interesting parallel to the role of
the integrins in the terminal cells of
the follicular epithelium. In general,
integrins are known to link the
extracellular matrix with the
cytoskeleton. In the follicular
epithelium, integrin signalling is
additionally required to orient the
mitotic spindle. This guarantees
the correct positioning of the
daughter cells in the epithelium
and prevents multilayering [17].
Notably, dividing follicle cells
mutant for Hippo pathway
components, like integrin mutant
cells, fail to orient their spindle
correctly. Furthermore, Hippo
pathway activity, like the integrin
function in spindle positioning,
is restricted to the terminal cells
[5,6]. These similarities raise the
question of whether Hippo
signalling and integrin signalling
are connected. Future experiments
will address this question, and the
exact mechanism by which the
Hippo pathway regulates Notch
internalisation.
One of the burning questions
remaining is the nature of the Hippo
pathway activating signal. Due to
the restriction of Hippo pathway
activity to the terminal cells, the
follicular epitheliummight be a good
model to study Hippo pathway
activation.What couldbe the source
of Hippo pathway activation at the
poles of the egg chamber? The
restriction of JAK/STAT activity to
the poles might suggest that Hippo
pathway activation is JAK/STATMain body
follicle cells
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Figure 1. Follicle cell differentiation and signalling during Drosophila oogenesis.
The cartoons show the differentiation state of the follicle cells in two egg chambers
during early and mid oogenesis. The signalling pathways regulating differentiation
are indicated. The ligand for the JAK/STAT pathway is secreted at the poles of the
epithelium and induces terminal cell fate during early oogenesis. At the beginning of
mid-oogenesis, Delta expression in germline cells controls proliferation stop and
differentiation onset by Notch activation in all follicle cells. The Gurken ligand is re-
stricted to the posterior of the oocyte and induces posterior cell fate via EGF signalling.
The source of Hippo pathway activation is not known but activity is restricted to the
anterior and posterior follicle cells. Hippo signalling controls proliferation and differen-
tiation, at least in part, by Notch regulation. A direct influence of Hippo signalling on
mitosis is also possible. The lower panel is a confocal image of four successive stages
of egg chamber development. Note the shape change of the egg chamber from round
to ellipsoid.dependent. However, the different
phenotypes of mutants in the two
pathways [18,19], and the finding
that cells mutant for components
of the Hippo pathway turn on
JAK/STAT reporter constructs
argue against this simple model
[5]. Other possibilities are that
mechanical cues or the strength of
cell–cell adhesion are involved in
Hippo pathway activation [1–3]. In
this context it is interesting to note
that the shape of the egg chamber
changes from round to ellipsoid
concomitant with the onset of
Hippo signalling (Figure 1). This
shape change might result in
altered tension or cell adhesion
properties at the poles of the egg
chamber, where the epithelium is
more curved. It is tempting to
speculate that altered tension or
adhesion is perceived at the
membrane–cytoskeleton interface
by the cortical proteins Merlin andExpanded, which activate the
Hippo pathway in response to this
stimulus. Whether it is tension,
adhesion or a ligand, the
oogenesis system might help to
identify the cue triggering Hippo
pathway activity.
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‘‘The waiting is the hardest part’’
— Tom Petty
Animals and children alike are
notoriously impulsive — just ask
anyone who has left the cookie jar
on the table in front of the kids
before dinner or left the dog home
with an open bag of kibble. In fact,
most animals prefer immediate
rewards to delayed rewards, even
when they can earn more by
waiting [1]. Evolutionary logic
suggests that organisms favor
instant gratification because the
future is uncertain, particularly
when making choices in groups of
social competitors. Despite the
ubiquity of impulsivity in the animal
kingdom, there are patient
exceptions. Most notably, adult
humans can wait for months or
even years to reap dividends from
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gratification have evolved and how
they develop during childhood.
In an intriguing recent study,
Evans and Beran [2] found
that chimpanzees can control
their impulsive tendencies by
employing the same strategy of
self-distraction that many children
use in order to earn a greater
reward. These observations in
chimpanzees and children imply
that self-control is neither uniquely
human nor restricted to the use of
an abstract currency like money.
Studies of self-control in children
and animals typically examine
preferences between less
preferred but immediate rewards
and highly preferred but delayed
ones [3]. Choice of the delayed but
preferred reward is often taken to
imply the use of self-control.
Among children, performance on
inter-temporal choice problems
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has led to their widespread use as
indices of self-control [4].
Self-control in animals has also
been widely probed using
inter-temporal choice tasks.
Although most species will rarely
pick a delayed reward over an
immediate one, even with delays of
just a few seconds [1,5], some
animals, particularly some species
of nonhuman primates, can be
much more patient. For example,
chimpanzees and rhesus
macaques can both delay
gratification for several minutes
[6,7], perhaps by implementing
a modicum of self-control. Yet it
remains unclear whether delayed
gratification in an inter-temporal
choice task truly reflects voluntary
self-control or merely the
implementation of reflexive
temporal preferences without any
contemplation of the self or
projection into the future [4].
One way to address this deeper
issue is to study the flexible coping
strategies people use to enhance
self-control when forced to wait for
a reward. One such strategy is self-
distraction. Studies by Mischel and
colleagues [8] have shown that
children engage in self-distraction
when trying to earn a greater
reward. Moreover, those children
who actively distract themselves—
via play, engaging thoughts,
distance, and so on — from the
offered rewards are more
